The nucleotide sequence of mitochondrial DNA of a cytoplasmic "petite" mutant of Saccharomyces cerevisiae is reported. The DNA has a repeat length of 1060 base pairs and contains a genetic marker (oli-l) for the ATPase proteolipid. The nucleotide sequence reveals the presence of part of the structural gene of the subunit-9 proteolipid of the ATPase complex and an extended A+T-rich region adjacent to the carboxyl-terminal end of the gene. The structural gene sequence agrees with the primary structure of the protein. These studies point out the feasibility of using the DNA of appropriately marked "petite" mutants to obtain the sequence of mitochondrial genes.
Mitochondrial DNA of Saccharomyces cerevisiae codes for a limited number of proteins that are components of respiratory complexes and of the oligomycin-sensitive ATPase (1) (2) (3) (4) (5) (6) . Recent evidence suggests that the mitochondrial gene products correspond to the set of proteins translated within the organelle (6) (7) (8) . In view of its relatively small size and the large number of currently known genetic markers, the mitochondrial genome of this yeast offers many advantages for DNA sequence studies.
In this communication, we report the nucleotide sequence of a segment of mitochondrial DNA obtained from a p-clone containing the oli-1 resistance locus (9) . In other studies, the oli-i marker was localized in the structural gene of a subunit polypeptide of the mitochondrial ATPase complex (7) . Our data indicate that the DNA of the p-clone includes part of the ATPase gene adjoined by an extended A+T-rich region.
MATERIALS AND METHODS
Enzymes and Radioisotopes. Alu I, BamHl, EcoRI, Hae III, HincII, HindIII, Hinfl, Hha I, Hpa II, Hph I, Mbo II, Xba I, Xho I, Kpn I, Pst I, Pvu II, Sal I, Sma I, and polynucleotide kinase were purchased from New England BioLabs. Bacterial alkaline phosphatase was purchased from Worthington. Bal I, Bcl I, Bgl I, Bgl II, Dpn II, Ecl II, EcoRII, Hga I, Hpa I, Mnl I, Sst I, Sst II, Taq I, and Uba I were obtained from Richard Roberts. [y-32P]ATP (specific activity 1000-3000 Ci/mmol) was purchased from New England Nuclear.
Isolation of DS 400/A4. The p-strains were isolated from the respiratory competent haploid strain of S. cerevisiae D273-1OB/A21 (a, met, p+, 0RpR ER ) (10) . A fresh overnight culture was suspended in 0.5 M potassium phosphate buffer (pH 6.8) at a cell density of 108/ml. The suspension was treated with 10 ,jg of ethidium bromide per ml for 1 hr and immediately spread for single colonies on YPD plates (2% glucose/2% peptone/1% yeast extract/2% agar). After 3 days of incubation at 30'C, the p-mutants, which grew as small colonies, were picked and templated on fresh YPD plates in 50 position grids. Approximately 200 colonies were collected. This collection of primary p-clones was subjected to the following genetic tests. To verify the presence of the various antibiotic resistance markers in the mitochondrial DNA of the p-mutants, we crossreplicated the master plates on lawns of the antibiotic-sensitive haploid strain of S. carlsbergensis CB11 (a, ade-1, p+) spread on Wickerham's minimal medium supplemented with 2% glucose. After incubation for 2 days, the prototrophically selective diploids were replicated on rutamycin, erythromycin, and paramomycin media (for exact compositions of the antibiotic media see ref.
2). Clones that gave rise to antibiotic-resistant diploids in the cross to CB11 were considered to have retained the resistance marker in their mitochondrial DNA. To test for the presence of the Mit loci (oxi-i, oxi-2, oxi-t3, cob-i, cob-2, pho-i, and pho-2) the master plates were crossreplicated on lawns of Mir mutants carrying lesions in each of these loci (2, 4, 5, 11) . The diploids issued from these crosses were replicated on YEPG medium (3% glycerol/2% ethanol/2% peptone/1% yeast extract/2% agar). The Mit marker was assumed to be present in the p-clones that grew on glycerol when crossed to the appropriate Mit-tester.
Out of the 200 clones examined, 17 retained the oli-i, pho-2, cob-i, and cob-2 markers, but lost all the other markers tested. One of these clones, DS 400, was purified and treated with ethidium bromide under the same conditions used for the first mutagenesis. After the second khidium bromide mutagenesis, 200 of the new p-clones were tested for the presence of the oli-i, cob-i, and cob-2 markers. Of these, 7 contained only the oli-i resistance marker. The p-clone designated DS400/A4 was ascertained to have a retained segment of mitochondrial DNA with a repeat length of about 1 kilobase and was used for the sequence studies.
Preparation of Mitochondrial DNA. Cells grown on 2% glucose/1% peptone/1% yeast extract were converted to protoplasts by digestion with glusulase (Endo Lab,' Garden City, NY), and mitochondria were prepared by a published procedure (j12). For the preparation of DNA the mitochondria were briefly treated with DNase I (Worthington), washed, lysed with 2% Sarkosyl, and extracted with phenol. The DNA was purified by isopycnic centrifugation in CsCl (13) .
Restriction Endonuclease Digestion of DNA. All digestions were carried out at 370C with the exception of Taq I and Bcl I, which were done at 650C. The reaction mixture contained visiae. p-mutants have extended deletions in mitochondrial DNA and are characterized by pleiotropic deficiencies in respiratory functions. Mit-mutations are mutations in mitochondrial DNA that are expressed in a deficiency of mitochondrial ATPase or respiratory activity. oxi-1, oxi-2, and oxi-3 are genetic loci that code for structural components of cytochrome oxidase; cob-i and cob-2 for cytochrome b; and pho-I and pho-2 for the ATPase. * This paper is no. 24 of a series. The preceding paper in the series is ref. 5 . 131
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Biochemistry: Macino and Tzagoloff toethanol (50 mM NaCi was added when EcoRI and Sal I were used). The EcoRI star digestion was carried out in the presence of 2 mM MnCl2 instead of MgCI2. The completeness of digestion was checked by gel electrophoresis in agarose (14 (15) . For strand separation, the labeled DNA was dissolved in 50 mM NaOH/10 mM EDTA and subjected to electrophoresis on 6-8% polyacrylamide gels. The gels were 1.5 mm thick and 40 cm long and were usually run overnight at 40C. Labeled bands corresponding to single-stranded DNA were cut out and extracted from the gel (15) . Sequence of DNA. The sequence of the 5'-end-labeled single-stranded DNA was determined by the method of Maxam and Gilbert (15) on 0.4-mm thick polyacrylamide/urea gels (16) .
RESULTS
Properties of p-Clones with oli-i Resistance Marker. The seven p strains selected on the basis of their retention of the oli-i resistance marker exhibited a high degree of genetic stability. This was established by testing subclones of each strain for the presence of ott-i. In each case, out of 100-200 subclones tested, more than 95% retained the marker.
The repeat length of mitochondrial DNA was estimated from the cumulative molecular weights of the fragments generated by different restriction endonucleases. Hpa II digests of the DNA in most strains yielded a rather complex pattern of fragments whose total molecular weights were approximately 5000 base pairs (data not shown). The DNA of one strain (DS400/ A4), however, was cleaved into two fragments by Hpa II and into a single fragment by a number of other endonucleases. Even though the unit length of the retained segment of mitochondrial DNA in DS400/A4 was estimated to be only 1060 base pairs, the overall size of the genome is much larger. Molecular species corresponding to multiples of 1060 base pairs were observed in partial digests with endonucleases that introduced only one cut. In undigested samples, most of the DNA migrated with a molecular weight greater than 107. These re-
sults agree with previous findings that, in p-mutants of S. cerevtsiae, the retained segment of mitochondrial DNA is reiterated and may attain the full length of the wild-type genome (18, 19) .
Since mutations in the ott-i. and pho-2 loci have been localized in the structural gene of subunit 9 of the ATPase complex (5, 7), the selected clones were checked for the presence of a pho-2 marker. The clones were crossed to the ATPase-deficient Mit-tester, M302-34 (5), and the diploid progeny were scored for growth on glycerol. All the p-clones, with the exception of DS400/A4, produced glycerol-positive diploids, indicating the presence of the pho-2 locus. Despite the fact that DS400/A4 had lost the pho-2 marker, it was chosen for sequence analysis because of the short repeat length of its DNA.
Restriction Map of DS400/A4 Mitochondrial DNA. The mitochondrial DNA of DS400/A4 was subjected to digestions with the restriction endonucleases listed under Materials and Methods. Only one fragment was detected on agarose gels when the DNA was digested with Hph I, Alu I, Hha I, Hae III, or Sst II (Fig. 1) (Fig. 2) The sequence derived from the various fragments analyzed is presented in Fig. 3 . From the known primary structure of subunit 9 20 nucleotides long. The fact that the Sst II fragment seen on agarose migrates slightly faster than the full length of the repeat unit is consistent with the loss of the shorter fragment. The Hph I site, which, based on the restriction map, should also be present in this region, is not seen in the sequence. Since the sequence of the region was determined from Hpa II fragments, it is possible that there are several closely spaced Hpa II sites and that the sequence presented may be missing a few nucleotides corresponding to the Hph I site.
The nucleotide sequence of the DS400/A4 DNA also revealed that the two sites recognized by EcoRI star are A-A-
A-T-T;C and T-A-A-T-T-C. Although there are numerous
A-A-T-T tetrasequences in the DNA, these apparently are not cleaved under our conditions of incubation.
Several additional points emerge from the sequence. The first is the excellent agreement of the structural gene sequence with the amino acid sequence reported by Wachter et al. (7) . The one exception is the residue at position 46. According to the protein sequence data, this residue should be a threonine. The nucleotide sequence, however, shows that the triplet at this position corresponds to a leucine. We Asp-Leu-Val -Phe-Pro-Met-Ala-Ile-Phe-Gly-Ph.e-Ala-Leu-Ser-Glu-Ala-Thr-Gly-Leu-Phe-Cys- Leu-GAC CTA GTA TTC CCT ATG GCT ATT TT1 GGT TTC GCC TTA TCA GAA GCT ACA GGT TTA TTC TGT TTA  A/u I   70  75 Met-Val-Ser-Phe-Leu-Leu-Leu-Phe-Gly- Val-Ochre   ATC GTT TCA TTC TTA TTA TTA TTC GGT GTA TAA TATATATAAT DISCUSSION The recent discovery of new antibiotic resistance (9, 21) and Mir markers (1) (2) (3) (4) (5) (6) in the mitochondrial genome of S. cerevisiae has allowed the construction of a fairly detailed genetic map of this genome (22) . In a number of instances, mitochondrial mutations conferring resistance to antibiotics or leading to a loss of respiratory functions have also been localized on physical maps derived by restriction endonuclease analysis (23, 24) . These The sequence of the DS400/A4 mitochondrial DNA has revealed several interesting features. In confirmation of the genetic data, only part of the structural gene of the proteolipid has been retained in the DNA, the rest having been lost as the result of a deletion that starts with the 44th amino acid from the amino terminus. The nondeleted part of the gene includes the entire carboxyl-terminal sequence beginning with the 45th amino acid. The nucleotide sequence is completely consistent with the known primary structure, with the exception of one amino acid residue, and shows that mitochondria use the codons of the universal code. The sequence also confirms the previously reported substitution of a phenylalanine for leucine in the proteolipid of the oligomycin-resistant parental strain D273-1OB/A21 used in this study (7) . Although the sequence data available at present are limited, they nonetheless suggest a highly nondegenerate code. For example, six out of seven leucine residues present in the carboxyl-terminal half of the proteolipid use the UUA codon. A preferential use of one codon is also seen in phenylalanine. Whether this is generally true of the rest of the genome will have to await further sequence data.
In addition to the structural gene, the retained segment of mitochondrial DNA of DS400/A4 contains a 1000-base-pair sequence proceeding from the carboxyl terminus. This sequence shows the presence of two ochre termination codons, one of which is immediately adjacent to the carboxyl-terminal amino acid. The rest of the sequence is extremely rich in A+T, with the exception of two short regions, which have a high content of G+C and contain most of the restriction sites of the DNA. The function of these nonstructural sequences cannot be specified at present, but one of the G+C-rich regions is highly palindromic, a property usually associated with promoters. This region, however, cannot be a promoter for the proteolipid gene because it is located on the carboxyl-terminal side of the structural gene sequence.
The deletion of the amino-terminal portion of the proteolipid is consistent with the loss of the pho-2 marker in the DS400/A4 clone. We have recently started to determine the sequence of the DNA of a p-mutant that contains the pho-2 marker and has a repeat length some 700 base pairs longer than DS400/A4. The restriction map of the DNA from this mutant indicates that the additional 700-base-pair sequence probably includes the rest of the proteolipid gene and perhaps the promoter region.
Preliminary sequencing data of the DNA from the new mutant also confirm that the end points of the deletion in DS400/A4 occur at the beginning and end of the sequence, as depicted in Fig. 3 
